To analyze the genomic structure of the breakpoint, we have cloned the junction fragments from the der(11) and der(22) of a t(11;22) balanced carrier. On chromosome 11 the translocation occurs within a short, palindromic AT-rich region (ATRR). Likewise, the breakpoint on chromosome 22 has been localized within an ATRR that is part of a larger palindrome. Interestingly, the 22q11 breakpoint falls within one of the 'unclonable' gaps in the genomic sequence. Further, a sequenced chromosome 11 BAC clone, spanning the t(11;22) breakpoint in 11q23, is deleted within the palindromic ATRR, suggesting instability of this region in bacterial clones. Several unrelated t(11;22) families demonstrate similar breakpoints on both chromosomes, indicating that their translocations are within the same palindrome. It is likely that the palindromic ATRRs produce unstable DNA structures in 22q11 and 11q23 that are responsible for the recurrent t(11;22) translocation.
INTRODUCTION
Geneticists have long been interested in understanding the mechanisms and consequences of genomic rearrangement. Non-random chromosomal changes have been demonstrated in association with numerous human acquired and inherited diseases. For example, cytogenetic and molecular studies of human tumors have clearly demonstrated that there are nonrandom, acquired rearrangements which play an etiological role in tumorigenesis. In addition, recurrent constitutional translocations, inversions and deletions suggest that there may be preferred chromosomal sites for recombination or rearrangement in the human genome. Despite the fact that chromosome 22 represents only~1.9% of the haploid autosome length (1) , numerous rearrangements of this chromosome have been associated with both a variety of malignant diseases and developmental abnormalities (2) . Numerous clinically significant human diseases associated with translocations, duplications or deletions of 22q11 are included, suggesting non-random involvement of this region in chromosomal rearrangement and/ or instability.
The constitutional t(11;22)(q23;q11) is the only known recurrent, non-Robertsonian translocation in humans. Balanced translocation carriers have no clinical symptoms and clustered breakpoints have been reported in numerous unrelated families (3, 4) . Carriers are often identified after the birth of unbalanced offspring with supernumerary der(22)t (11;22) syndrome. Patients with supernumerary der(22) syndrome have a distinctive phenotype which consists of severe mental retardation, preauricular tag or sinus, ear anomalies, cleft or high arched palate, micrognathia, heart defects and genital abnormalities in the male (5) . This syndrome arises through 3:1 meiotic malsegregation of the balanced translocation in meiosis (3) . To date, a molecular etiology for the recurrent nature of this translocation has not emerged.
The t(11;22) breakpoint on 22q11 localizes to one of the chromosome 22-specific low copy repeats (LCRs), which have been identified at multiple loci on 22q11 (3, 6, 7) . Although chromosome 22 has been almost entirely sequenced, the LCR where the t(11;22) breakpoint resides (LCR-B in ref. 7) still contains a gap (6, 7) . Further, the duplicated nature of the LCR did not allow us to determine the precise location of the breakpoint. The chromosome 11 side of the 11;22 translocation breakpoint has previously been localized within a sequenced BAC clone (3, 4) . To analyze the breakpoint further, junction fragments from the der(11) and the der(22) of a t(11;22) balanced carrier have been cloned. Here we show that palindromic AT-rich sequences surround the breakpoints on chromosomes 11 and 22. Computer analysis of the DNA sequence flanking the breakpoints predicts formation of hairpin or cruciform structures. It is likely that these unstable DNA structures in 22q11 and 11q23 facilitate the recurrent t(11;22) translocation.
RESULTS AND DISCUSSION
Recent studies have utilized fluorescence in situ hybridization (FISH) to examine clustering of the chromosome 11 and 22 breakpoints of the t(11;22). The chromosome 11 breakpoint of the 11;22 translocation has previously been localized within BAC clone b442e11 (3). This BAC clone has been completely sequenced (GenBank accession no. AC007707). To further sublocalize the breakpoint, multiple PCR primer pairs were designed from the BAC sequence and used to PCR amplify DNA from a somatic cell hybrid, Cl4/GB, containing the der(22) from a t(11;22) carrier (8) . The c14h primer pair amplifies the corresponding genomic segment from the hybrid DNA while the c14i primer pair does not (Fig. 1a) . Thus, the breakpoint is located between these PCR units. Based on the BAC sequence, these PCR products are separated by~500 bp in b442e11 and they flank a previously described 130 bp AT-rich region (ATRR) (4). However, PCR amplification of the ATRR from human genomic DNA yields a PCR product which is 200 bp longer than that amplified from b442e11, suggesting that the BAC has sustained a 200 bp deletion within the ATRR. PCR amplification of 10 additional genomic DNAs from normal individuals yields the longer PCR product, indicating that the shorter product is unlikely to be a polymorphism. The sequence of the longer PCR product demonstrates that the deleted segment contains a palindromic ATRR in the vicinity of the breakpoint (Fig. 1b) .
To identify the junction fragments, Southern hybridization was performed using either the c14i or c14h PCR products to probe DNAs from several t(11;22) carriers (Fig. 2, lanes 2 and  3) and the Cl4/GB hybrid (Fig. 2, lane 1) . The sequence of the BAC indicates that both c14i and c14h reside on the same 4 kb HindIII fragment (Fig. 1a) . When hybridization was performed with the proximal probe, c14i, in addition to the normal 4 kb fragment, a novel 4.5 kb rearranged fragment from the der(11) was detected in HindIII-digested DNA from the balanced carriers (Fig. 2a) . When hybridization to the same membrane was performed with the c14h probe, a 9 kb rearranged fragment from the der(22) was detected (Fig. 2b) . Several additional restriction enzymes were used to confirm the results and rearranged fragments in EcoRI-or BstYI-digested DNA were detected with the c14h probe.
To further characterize the breakpoint region, a phage library was constructed from the HindIII-digested genomic DNA of a translocation carrier whose rearranged fragments had been identified by Southern analysis (GB in Fig. 2 ). The resulting library was screened with the c14i probe to obtain the der(11) junction fragment (Fig. 3a) . Sequence comparison of the der(11) junction fragment with the normal chromosome 11 sequence confirmed that the breakpoint was within the palindromic ATRR on 11q23 (Fig. 3b) . The 11q23 homologous portion of the junction fragment was followed by a longer ATRR and additional DNA sequence, which was presumably from 22q11. BLAST (9) database searches with~500 bp of this sequence indicate that it shares high homology (99%) with a previously identified duplicated sequence (10), which is included within larger LCRs on 22q11 (6, 7) .
The duplicated sequence present at the junction of the t(11;22) has previously been implicated in the t(17;22) breakpoint of a patient with neurofibromatosis 1 (NF1) (10) . The 17;22 translocation in this individual disrupts the NF1 gene on chromosome 17 and resides within LCR-B on chromosome 22 (B.S. Emanuel, unpublished data). The sequence of the chromosome 22 portion of the der(17) junction fragment from the t(17;22) and the der(11) junction fragment from the t(11;22) are similar to each other. This suggested that the t(11;22) and the t(17;22) might occur by a similar mechanism and may involve similar breakpoints on chromosome 22. Based on this hypothesis, a PCR primer (JF22.1) was designed from the chromosome 22 sequence of the der(22) junction fragment of the t(17;22) (11) is depicted as a white box and the portion distal to the breakpoint and present in the der(22) is depicted by a gray box. The breakpoint-spanning BAC b442e11 is also shown. In addition to the Apo gene cluster, b442e11 contains two other genes. The first, ZNF259 (GenBank accession no. NM_003904), is a zinc finger gene homologous to rodent ZPR1 and is located~24 kb proximal to the breakpoint. The second, KIAA0999, exists only as a cDNA sequence in GenBank (accession no. AB023216) and is located~30 kb distal to the breakpoint. Both genes are oriented telomere to centromere and no genes appear to be disrupted by the translocation. The PCR-based markers used to further localize the breakpoint are shown as small hatched boxes. The breakpoint was localized using a somatic cell hybrid (Cl4/GB) containing the der(22) of a balanced t(11;22) carrier (8) . H, HindIII. (b) Sequence of the region flanking the t(11;22) breakpoint on 11q23. The orientation of the sequence is centromere to telomere. PCR primers are indicated by arrows: full arrows designate c14irev and c14ifor; dashed arrows designate c14hrev and c14hfor. The ATRR between c14i and c14h is boxed. The sequence deleted in b442e11 but present in genomic DNA is shown in bold.
( Fig. 3a) (10) . Primers JF22.1 from chromosome 22 and c14hfor from 11q23 were used to amplify genomic DNA from a t(11;22) balanced carrier and normal controls. A PCR product was obtained only from DNA of the translocation carrier, which on sequence analysis was confirmed to be the der(22) junction fragment. Analysis of the der(22) junction fragment demonstrated that the 11q23 breakpoint is located within the palindromic ATRR (Fig. 3c) . Interestingly, the chromosome 22 breakpoint also occurs within an ATRR flanked by sequences homologous to the previously described duplicated sequence on chromosome 22 (Fig. 3c) (10) . Additional analysis of the sequence of the der(22) and der(11) junction fragments demonstrates that the 500 bp sequence flanking the t(11;22) breakpoint on chromosome 22 is also palindromic (Figs 3c and 4c) .
The der(11) junction fragment was amplified by PCR with primers JF22.2 and c14irev (Fig. 3b ) from five t(11;22) balanced carriers representing three generations of GB's family. Sequence analysis demonstrated that their breakpoints are identical, suggesting that the translocated chromosome is stably transmitted through generations. The der(11) breakpoints of two additional translocation carriers from two separate unrelated t(11;22) families, one of which was also analyzed by Southern hybridization (SK in Fig. 2) , were studied by PCR and subsequent sequencing and their breakpoints are similar to the one detected in the first family. In these additional families the breakpoints localize within the palindromic ATRR of chromosome 11. Comparable results were obtained from the der(22) junction fragment from all three t(11;22) families (data not shown). The size variation observed in the rearranged fragments by Southern blot analysis (Fig. 2b) presumably resulted from restriction fragment length polymorphisms in the different families tested.
Chromosome 22-specific duplicated blocks referred to as LCRs have been identified at multiple loci on 22q11 (6) . The t(11;22) breakpoint on 22q11 localizes to one of these repeats, previously reported as LCR-B or LCR22-3a (3, 7, 11) (Fig. 4a) . Although chromosome 22 has been almost entirely sequenced, a small number of gaps remain because of incomplete clone coverage across 22q (6) . LCR-B, where the t(11;22) breakpoint resides, contains one such gap which we estimate to bẽ 90 kb (Fig. 4b) . The sequence of the chromosome 22 portion of the der(11) junction fragment could not be identified within clones localized to LCR-B on chromosome 22. This suggests that the t(11;22) breakpoint maps within the gap between cHK89 and b562f10 (Fig. 4b) . It has been suggested that this 6) . The somatic cell hybrid Cl4/GB contains only the der(22) of the t(11;22) and is therefore negative for any fragments hybridizing to probe c14i, which is present on the normal 11 and der(11) chromosomes. (b) Autoradiogram of HindIII-digested DNA probed with probe c14h. The same blot as used in (a) was used. An~9 kb rearranged fragment (R) was detected in Cl4/GB (lane 1) and both the balanced carriers (lanes 2 and 3). The normal 4 kb band (N) was detected in both balanced carriers as well as the three normal controls (lanes 4-6). Since the somatic cell hybrid Cl4/GB contains the der(22) but not the normal chromosome 11, it is positive only for the novel~9 kb fragment. junction fragment from balanced carrier GB. This sequence was obtained after PCR with primers c14hfor and JF22.1. In (b) and (c) the sequences from chromosome 11 are shown in bold and those from chromosome 22 are shown in plain type. Eight base pairs which cannot be definitely assigned to chromosome 11 or 22 are underlined. The translocation breakpoint on 11q23 is within the palindromic ATRR. The sequence of the chromosome 22 portion of the junction fragments demonstrates that the breakpoint is within an ATRR that is part of a larger palindrome. Two additional unrelated t(11;22) families were analyzed by PCR to obtain junction fragments. The der(11) junction fragment was amplified with primers c14irev and JF22.2 and the der(22) junction fragment was amplified with primers JF22 and c14hfor. The PCR products were sequenced. The sequences obtained from these two families were similar to those obtained from balanced carrier GB as shown in (b) and (c).
region contains sequences that are unclonable in bacteria (3, 7, 11) . The identification of palindromic sequences flanking the t(11;22) breakpoint lends support to this hypothesis (Fig.  4c) , since palindromes have been previously shown to be unstable in Escherichia coli (12) . Copies of JF22.2 are present on either side of the breakpoint in a head-to-head orientation. Thus, although we expected to generate a breakpoint-spanning product from the normal chromosome 22 by PCR with the single JF22.2 primer (Fig. 4c) , none was detected. One reason for the failure to generate this PCR product may be that the duplicated sequences on chromosome 22 flanking the t(11;22) breakpoint are not tractable to PCR. Alternatively, it is possible that the t(11;22) involves a more complex rearrangement that may have deleted a region of genomic DNA flanking the breakpoint. Finally, because the sequence of this region is presently unknown (6), the distance separating the primers may be greater than can be amplified in genomic DNA. It is clear that the region of 22q11 involved in the t(11;22) is a hotspot for various constitutional translocations (10, 13) . This suggests that the genomic structure of the region flanking the 22q11 breakpoint of the t(11;22) may be unstable, making it susceptible to rearrangement.
It has been observed that unusual DNA structures can promote genetic instability in prokaryotic as well as eukaryotic genomes (12, (14) (15) (16) . Palindromic DNA can lead to the formation of single-stranded hairpin or double-stranded cruciform structures. These hairpin or cruciform structures are putative substrates for nucleases and mismatch repair enzymes. Experiments in bacteria and yeast have shown that palindromemediated instability increases as hairpin structures are cleaved to create deletions and double-stand breaks (DSBs), respectively (14, 16) . In yeast, DSBs are hotspots for recombination during meiosis (17) . Recent reports suggest that palindromemediated hairpins show instability in mammalian cells because of breaks generated at the hairpin structure by a hairpinnicking enzyme (15, 18) .
Palindromic sequences have been identified near the breakpoints of the t(11;22) translocation at 11q23 and 22q11. Using mfold (http://BiBiServ.TechFak.Uni-Bielrfeld.DE/fold/ ), software that predicts secondary structure in RNA and singlestranded DNA, sequence derived from a normal individual who does not carry the t(11;22) was submitted to analysis. A hairpin/cruciform structure was predicted for the palindromic ATRR flanking the breakpoint on 11q23 (Fig. 5a ). Longer ATRR-containing palindromic sequences also flank the breakpoint on 22q11 (Fig. 4c) , suggesting a similar hairpin/cruciform structure. It is interesting to note that the breakpoints on both chromosomes are within the ATRRs. AT-rich sequences have a lower melting temperature and this may further facilitate hairpin formation at physiological temperatures. These observations have led us to propose a model for the formation of the recurrent, constitutional t(11;22) (Fig. 5b ). In this model the palindromic sequences flanking the breakpoint on both 11q23 and 22q11 would facilitate the formation of hairpin/ cruciform structures. The proposed hairpin-nicking activity would create DSBs on both chromosomes (15) . Illegitimate reciprocal exchange between the disrupted chromosomes 11 and 22 would lead to formation of a translocation between them (Fig. 5b) . The identification of unstable DNA sequences near the t(11;22) breakpoints would appear to be an important first step towards designing and testing different models for the formation of this recurrent translocation. This would include analysis of the orientation or position of chromosomes 11q23 and 22q11 during meiosis, as well as attempts to recapitulate the rearrangement in a yeast assay system. Further, these data indicate a precise molecular location for the 11;22 translocation breakpoints within the 11q23 and 22q11 regions. This finding lends itself to the analysis of additional translocations occurring at these chromosomal sites.
MATERIALS AND METHODS

Samples
All samples used in this study were derived from patients participating in a research study of the t(11;22) as reported previously (3). Genomic DNA from the patients was isolated as described (3) . The somatic cell hybrid (Cl4/GB) containing the der(22) is derived from GB, one of the balanced carriers used in this study, and has been reported previously (8) .
Southern analysis
The isolation of BAC clone b442e11 has been described previously (3). b442e11 was entirely sequenced at the University of Oklahoma Advanced Centre for Genome Technologies (http:// www.genome.ou.edu/ ) and has been deposited in GenBank (http://www.ncbi.nlm.nih.gov/GenBank/ ) (accession no. AC007707). The probes used for Southern analysis, c14h and c14i, were generated by PCR from b442e11. The primers used were as follows: c14hfor, 5′-AACACTCCCACTGACAGCTA-3′; c14hrev, 5′-GGTTTGGGGTTCCATGAATG-3′; c14ifor, 5′-CTCTACATGCTCTCCCTTTC-3′; c14irev, 5′-GGAAGT-TAGAGAAAACTGAGAA-3′. PCR conditions were as described earlier (3) . Probes were radiolabeled with [α-32 P]dCTP using the random primer method. Southern hybridization was performed using standard methodology.
Isolation of junction fragments of the t(11;22)
Genomic DNA from translocation carrier GB was digested with HindIII and electrophoresed in low melting point agarose. The area corresponding to the rearranged junction fragment was excised and the DNA was extracted from the gel slice and Figure 5 . Proposed model for secondary structure formation and the mechanism involved in the translocation. (a) Putative hairpin structure of palindromic ATRR from 11q23 in DNA from a normal control as predicted by secondary structure prediction software mfold (http://BiBiServ.TechFak.Uni-Bielefeld.DE/mfold/ ). There are two mismatched regions in the hairpin. The mismatched regions in the stem of the hairpin may be more sensitive to nuclease activity causing nicks at these regions. This hypothesis is supported by the observation that the 11q23 breakpoints of the t(11;22) localize in the vicinity of one of the two mismatched regions in the stem of the putative hairpin (red arrow and bracket). The breakpoints of the region deleted in b442e11 are indicated by blue arrows. The base of the hairpin may be prone to breakage in bacterial cells, which may explain the deletion in b442e11. (b) Model for the mechanism involved in the translocation. Chromosome 11 is shown as green lines and the putative hairpin/cruciform caused by the palindromic ATRR is shown in red. Chromosome 22 is shown as blue lines and the putative hairpin/cruciform caused by the palindrome on 22q11 is shown in yellow. DSBs can occur at mismatched regions within the putative hairpins/cruciforms on both chromosomes. Illegitimate reciprocal exchange can then occur between the disrupted chromosomess 11 and 22 and, after DNA repair (purple lines), can lead to a translocation between chromosomes 11 and 22. Since palindromes are known to be unstable in E.coli (12) , the smaller palindrome from 11q23 may be deleted during culture, as observed in the deletion in b442e11, and the larger palindrome on 22q11 might lead to large deletions in bacterial clones and therefore prove to be unclonable. ligated to HindIII-cut λZAP vector arms (Stratagene, La Jolla, CA). The resulting phage library was processed and hybridized as per the manufacturer's protocol. The probe used for library screening was c14i.
The der(22) junction fragment was obtained by PCR with the following primers: JF22.1 (5′-GGTGTAGTCCCAGTGT-GAGT-3′) from chromosome 22; c14hfor from chromosome 11. Other nested primers from chromosome 22 used for PCR and sequencing included JF22.2 (5′-CCTCCAACGGATC-CATACT-3′) and JF22.3 (5′-TGCATCCTTCAACGTTCCA-3′) (the chromosome 22 primers correspond to a, c and b in ref.
10, respectively). PCR products were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA). PCR products were either sequenced directly or after cloning into the TA cloning vector (Invitrogen, San Diego, CA). Sequences were analyzed with BLAST (http://www.ncbi.nlm.nih.gov/blast ) (9), RepeatMasker2
(http://ftp.genome.washington.edu/cgi-bin/ RepeatMasker/ ) (A. Smit and P. Green, unpublished data) and mfold (http://BiBiServ.TechFak.Uni-Bielefeld.DE/mfold/ ).
